Abstract The formation of a subsurface anticyclonic eddy in the Peru-Chile Undercurrent (PCUC) in January and February 2013 is investigated using a multiplatform four-dimensional observational approach. Research vessel, multiple glider, and mooring-based measurements were conducted in the Peruvian upwelling regime near 12830'S. The data set consists of >10,000 glider profiles and repeated vessel-based hydrography and velocity transects. It allows a detailed description of the eddy formation and its impact on the near-coastal salinity, oxygen, and nutrient distributions. In early January, a strong PCUC with maximum poleward velocities of $0.25 m/s at 100-200 m depth was observed. Starting on 20 January, a subsurface anticyclonic eddy developed in the PCUC downstream of a topographic bend, suggesting flow separation as the eddy formation mechanism. The eddy core waters exhibited oxygen concentration of <1 lmol/kg, an elevated nitrogen deficit of $17 lmol/L, and potential vorticity close to zero, which seemed to originate from the bottom boundary layer of the continental slope. The eddy-induced across-shelf velocities resulted in an elevated exchange of water masses between the upper continental slope and the open ocean. Small-scale salinity and oxygen structures were formed by along-isopycnal stirring, and indications of eddy-driven oxygen ventilation of the upper oxygen minimum zone were observed. It is concluded that mesoscale stirring of solutes and the offshore transport of eddy core properties could provide an important coastal open ocean exchange mechanism with potentially large implications for nutrient budgets and biogeochemical cycling in the oxygen minimum zone off Peru.
Introduction
The Peruvian upwelling system is characterized by permanent Ekman-driven coastal upwelling forced by sustained trade winds largely parallel to the Peruvian coastline [Strub et al., 1998 ]. The upwelling brings cold and nutrient-rich water to the surface, resulting in a band of low sea surface temperatures and high primary production along the coast [Pennington et al., 2006] . It is one of the most productive areas of the world ocean and consequently of great economic and scientific interest. Despite covering only 0.1% of the world ocean surface, about 10% of the world fish catch occurs in the Peruvian upwelling system [Chavez et al., 2008] . Being one of the four major eastern boundary upwelling systems, the Peruvian upwelling regime comprises one of the largest oxygen minimum zones (OMZs) [Karstensen et al., 2008; Fuenzalida et al., 2009; Paulmier and Ruiz-Pino, 2009] . A combination of poor ventilation of thermocline water masses and enhanced microbial subsurface respiration induced by high primary production and the associated export of organic matter results in an OMZ characterized by dissolved oxygen concentration of less than 1 lmol/ kg [Revsbech et al., 2009; Kalvelage et al., 2013] . The oxycline depth off Peru is often very shallow and varies between 10 and 80 m [Hamersley et al., 2007; Guti errez et al., 2008] . Due to the low oxygen concentrations,The Peruvian upwelling system encompasses pronounced mesoscale variability [Penven et al., 2005] , which is the focus of this study. Based on 15 years of altimeter data, Chaigneau et al. [2008] show that coherent mesoscale eddies off Peru are generated near the coast and subsequently propagate westward. Chaigneau et al. [2013] use Argo float-based CTD data to show that anticyclones (cyclones) tend to have their cores located below (within) the thermocline. They suggest that anticyclones might be formed by instabilities of the PCUC and cyclones by instabilities of the equatorward surface currents. Based on regional eddyresolving model simulations, Colas et al. [2012] find a skewness of vorticity toward anticyclonic rotation between 100 and 150 m depth off Peru. The authors relate this vorticity dominance to subsurface anticyclonic coherent vortices and suggest that they arise from instability of the PCUC. These eddies, traditionally referred to as submesoscale coherent vortices, may exhibit a wide range of sizes. Yet they are in general smaller than the first baroclinic Rossby radius of deformation [McWilliams, 1985] . Different nomenclatures for subsurface anticyclonic eddies with convex lense-shaped density field found off Peru and Chile have been used in the recent literature, e.g., equatorial Pacific 138 water eddies [Johnson and McTaggart, 2010] , subsurface anticyclonic coherent vortices , intrathermocline eddies [Hormazabal et al., 2013; Combes et al., 2015] , and mode-water eddies . Here we use the term subsurface anticyclonic eddy because two important eddy characteristics are automatically defined with this term.
Submesoscale coherent vortices are observed at various places in the world ocean [McDowell and Rossby, 1978; D'Asaro, 1988; Karstensen et al., 2015; Bosse et al., 2015] and are often shed by boundary currents near sharp topographic bends [Bower et al., 1995 [Bower et al., , 1997 Bosse et al., 2015; Molemaker et al., 2015] . Their generation mechanism is puzzling and studies investigating this phenomenon have a long history [McWilliams, 1985; D'Asaro, 1988; Prater, 1992] . Based on submesoscale-resolving model simulations, Molemaker et al. [2015] shows the complexity of the eddy generation mechanism. It includes flow separation, upscale transport of kinetic energy, submesoscale instabilities, and small-scale dissipation. The study further highlights the important role of the dissipative bottom boundary layer for the generation of anticyclonic vorticity and of low potential vorticity water, which is found in the core of these eddies. These aspects have also been suggested in the conceptual model of D 'Asaro [1988] .
Mesoscale eddies have large effects on the horizontal and vertical transport of momentum, heat, and tracers [Klein and Lapeyre, 2009] . They strongly influence the near-surface chlorophyll distribution and biological productivity through various mechanisms and can enhance biological production in low-nutrient regions [Jenkins, 1988; Falkowski et al., 1991; McGillicuddy et al., 1998; Oschlies and Garcon, 1998; McGillicuddy et al., 2007; Gaube et al., 2014] . In eastern boundary upwelling regions, eddies are thought to induce a net reduction of biological productivity by exporting nutrients from the productive near-coastal region into the open ocean [Rossi et al., 2008 [Rossi et al., , 2009 Lathuilière et al., 2010; Gruber et al., 2011] .
OMZs are characterized by a sluggish mean circulation and thus mesoscale eddies are important for ventilating OMZs by means of along-isopycnal stirring [Wyrtki, 1962; Luyten et al., 1983a Luyten et al., , 1983b Stramma et al., 2010; Hahn et al., 2014; Brandt et al., 2015] . Holte et al. [2013] describe the vertical structure of cyclones and anticyclones in the southeast Pacific based on in situ measurements. They find that both types of eddies may trap coastal waters and transport them toward the open ocean. Subsurface anticyclonic eddies originating from the continental margin found in the open ocean OMZ off Peru and Chile can exhibit distinct physical and biogeochemical water mass anomalies such as low oxygen concentrations and elevated nitrogen deficits [Stramma et al., , 2014 . Kalvelage et al. [2013] carried out nitrogen budget calculations based on nutrient measurements, experimentally determined nitrogen transformation rates and modeled export production for the eastern tropical South Pacific. They state that a large export of nitrogen deficient shelf waters into the open ocean OMZ is required to close their nitrogen budget. Near-coastal observations showing the eddy formation together with its initial physical and biogeochemical properties and subsequently the impact of these eddies on the near-coastal OMZ have, however, until now not been available.
This study is based on multiplatform observations including research vessel, glider, and mooring-based measurements carried out off Peru near 12830'S in January and February 2013. The extensive data set allows a detailed high-resolution four-dimensional description of the formation of a subsurface
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anticyclonic eddy occurring in the study area and its impact on the distribution of properties in the water column along the continental margin. The paper is structured as follows. In the next section, the different data sets used in this study and the data processing are explained. The oceanographic setting is described in section 3.1. Subsequently, the eddy formation chronology is shown in section 3.2 and the formation mechanism is discussed in section 3.3. In section 3.4, the changes in the salinity and oxygen distributions are directly related to the changing horizontal flow field, including the role of the eddy for the ventilation of the near-coastal OMZ off Peru. In section 3.5, we investigate the impact of the horizontal circulation on the nutrient distribution. In section 4, we discuss our results and relate them to other recent studies. This is followed by a short summary and conclusions in section 5.
Data and Methods
In January and February 2013, a multiplatform four-dimensional observational experiment was conducted in the Peruvian upwelling system between 128S and 148S to investigate the near-coastal mesoscale and submesoscale variability. In this study, we focus on measurements conducted in an area of $100 km by $100 km centered near 12830'S ( Figure 1 ). The experiment was carried out in the framework of the interdisciplinary ''SFB 754 Climate-Biogeochemistry Interactions in the Tropical Ocean'' project and included research vessel, multiple glider, and mooring-based measurements.
A multiple glider survey with seven Slocum gliders (Teledyne Webb Research) is the central component of the multiplatform approach [Rudnick et al., 2004; Testor et al., 2010] . The first glider was deployed 7 January 2013 during the R/V Meteor cruise 92 (M92, 5 January to 3 February) and the last glider was recovered 1 March 2013 during the R/V Meteor cruise 93 (M93, 7 February to 9 March). See Table 1 for  more details. A conductivity, temperature, and depth (CTD) cell is mounted on each glider operating at a sampling rate of 1 Hz. Most gliders are equipped with an unpumped CTD (glider G used a pumped CTD). 
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Therefore, it is important to correct for the thermal mass of the conductivity cell in order to obtain reliable salinities [Johnson et al., 2007] . In this study, two methods are combined to provide the correction, which depends on the flushing rate of the conductivity cell, which in turn depends on the glider's speed through the water. The thermal mass correction by Garau et al. [2011] is applied, however using a modeled velocity, instead of the glider velocity, calculated from the temporal derivative of pressure. This modeled velocity is estimated using the flight model of Merckelbach et al. [2010] . This approach eliminates the influence vertical motion of the glider stemming from internal waves. These vertical motions are observed by the glider's pressure sensor but are not associated with forward movements of the glider. Thus, they do not lead to changes of the flushing rate used for the thermal mass correction. Internal wave motion is large in the coastal zone of the study area. Parameters such as conservative temperature, absolute salinity, and density are calculated using the Thermodynamic Equation of Seawater-2010 Matlab Toolbox Version 3.04 [McDougall and Barker, 2011] .
Aanderaa optodes are mounted on the tail of the gliders to measure concentrations of dissolved oxygen. Following Hahn et al.
[2014] a two point lab calibration (0% and 100% saturation) of the optodes was carried out on the ship after the deployment. Optodes on gliders exhibit response times between 5 and 175 s [Bittig et al., 2014] , which result in a hystereses between up and downcasts. These response times were estimated by minimizing the difference of oxygen in up and downcasts. Finally, shipboard CTD profiles close to the glider measurements were used to determine and remove offsets in the final temperature, salinity, and oxygen measurements. The corrected sensor data were gridded on a 1 dbar vertical grid. The gliders have maximum diving depths between 200 and 735 m (Table 1) . About one dive (two profiles) was carried out per hour by each glider with lateral resolutions of about 200 m-1 km depending on the maximum diving depth of the individual glider. This resulted in about 10,750 glider CTD profiles within the study area during the 2 month deployment (Table 1) .
Gliders can also be used to infer horizontal circulation [Pietri et al., 2013 [Pietri et al., , 2014 . The difference between the dead-reckoned and the actual surfacing position of the gliders is used to infer the horizontal depthaveraged velocity between two surfacings, which then is used to reference the relative cross-track geostrophic velocities calculated from the glider-based hydrographic CTD measurements. To reduce the influence of ageostrophic short-term signals (e.g., tides and internal waves), the density field and the depth-averaged velocities have been smoothed prior to calculating the geostrophic shear by a simple rectangular window of 25 km similar to Pietri et al. [2013 Pietri et al. [ , 2014 .
The horizontal circulation was measured by two vessel mounted acoustic Doppler current profilers (vmADCPs) during both cruises M92 and M93. The 38 and 75 kHz ocean surveyor ADCPs (Teledyne RD Instruments) cover depth ranges between 17-800 and 11-245 m, respectively. The standard bin size of the ADCPs was set to 16 m for the 38 kHz ADCP and to 8 m for the 75 kHz, and the ping rates for both instruments were 2-3 s. On the shelf, referred here to water depths shallower than 200 m, the 75 kHz ADCP was occasionally set to 4 m bins to achieve a higher vertical resolution. A comparison of the vmADCP velocity measurements and the glider-based estimates of the geostrophic flow within the PCUC between 10 and 15 January is shown in Figure 2 . In both estimates, the PCUC core has a speed of $0.25 m/s with the core being located between 100 and 150 m depth about 70 km away from the coast. Differences between the two estimates are most pronounced close to the surface. The roots-mean-square difference does not exceed 0.05 m/s below 50 m but increases to 0.1 m/s at 25 m depth. This is likely due to ageostrophic processes, which are more important close to the surface. Furthermore, both platforms did not observe the highly variable flow field at exactly the same time.
A lowered SeaBird SBE 9-plus CTD system equipped with two sets of pumped sensors measuring conductivity, temperature, and oxygen at 24 Hz was used during M92/M93. The CTD was mounted on a General Oceanics rosette with 24 bottles (10 L) which were used to take discrete water samples for sensor calibration and biogeochemical parameters. Salinity samples were measured on board with a Guildline Autosal 8 model 8400B salinometer to calibrate the sensor-based salinity measurements. The calibrated absolute salinity measurements have an accuracy of 0.002 g/kg. The CTD oxygen sensor was calibrated by a combined approach using Winkler titration of discrete water samples obtained from the rosette [Winkler, 1888; Grasshoff et al., 1983] and STOX (Switchable Trace amount OXygen) sensor measurements at low oxygen concentrations [Revsbech et al., 2009; Kalvelage et al., 2013] estimates. To minimize this bias we only used Winkler samples showing oxygen concentrations >20 lmol/ kg. The STOX sensor shows oxygen concentrations of about 0.01-0.05 lmol/kg in the OMZ core, which are used to calibrate the CTD oxygen sensor at these depths and resulted in an overall accuracy of the CTD oxygen data of about 1 lmol/kg. Nutrient concentrations were determined onboard the ship by autoanalyzer (Quaatro from Seal Analytical) using standard photometric methods [Grasshoff et al., 1983] .
For this study, data from two moorings, subsequently referred to as M1 and M2, are analyzed (see blue squares in Figure 1b ). They were deployed during M92 in January 2013 on the continental slope off Peru at 700 and 1700 m water depth 12830.8'S, 77834.8'W and 12840.0'S, 77848.9'W, respectively. Both moorings were recovered during M93 at the end of February 2013. M1 was equipped with an upward looking ADCP (RDI, 300 kHz) at 123 m depth which measured the horizontal velocity every minute in 4 m bins over the depth range of 17-117 m. M2 was equipped with an upward looking ADCP (long ranger RDI, 75 kHz) at 328 m depth measuring the horizontal velocity every 3 min in 4 m bins between 55 and 300 m.
Results
Oceanographic Setting
Being typical for the summer season, moderate southeasterly winds were observed during the two cruises within the study area. Close to the coast (<50 km) generally weak winds of 5 m/s in the mean (often below 1 m/s) were measured. Further offshore the winds increased to 9 m/s at 150 km distance from the coast . Near-surface temperatures reach maximum values of 21.58C at 100 km offshore and decrease to about 178C toward the coast. As is typical for the summer season in this region, the thermocline is very shallow and no surface mixed layer is discernible ( Figure 3a ). About 80 km offshore, a subsurface salinity maximum of about 35.3 g/kg is found within the thermocline at 20 m depth ( Figure  3b ). The salinity maximum can be associated with Subtropical Surface Water (STSW, Figures 3b and 3d ). This is a highly oxygenated water mass found both in the mixed layer and the upper thermocline off Peru originating from the eastern flank of the subtropical gyre [Wyrtki, 1967; Karstensen and Quadfasel, 2002; Fiedler and Talley, 2006; Silva et al., 2009] . Below the thermocline, the relatively salty and low-oxygen Equatorial Subsurface Water resides (ESSW, Figures 3b and 3d ), which is transported southward in the PCUC [Gunther, 1936; Fonseca, 1989; Silva et al., 2009; Montes et al., 2010] . In the same density range as the ESSW but offshore, the Eastern South Pacific Intermediate Water (ESPIW, Figure 3d ) is present. The ESPIW originates off southern Chile and is characterized by a distinct salinity minimum in the T/S diagram at densities of about r h 526 kg=m 3 [Schneider et al., 2003] . It has also been referred to as Shallow Salinity Minimum Water [Karstensen, 2004] . For simplicity, we shall refer to STSW and ESPIW in most cases just as high and low-salinity water masses, respectively. The oxygen concentrations are highest close to the surface with mean values of up to 240 lmol/kg ( Figure 3c ). They decrease rapidly with depth and are <1 lmol/kg below $30 m on the shelf and at $80 m further offshore, respectively.
Eddy Formation
The near-coastal horizontal circulation off Peru near 12830'S exhibited pronounced changes in January and February 2013 due to the formation of a subsurface anticyclonic eddy. The chronology of the eddy formation is subsequently described. While a persistent PCUC was observed until 19 January, the current core moved offshore during the following week ( Figure 4 ). Concurrently, an equatorward flow appeared along 
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A week later, between 7 and 11 February, the eddy center was located directly at the M2 mooring ( Figure  4m ), where velocities close to zero were measured during this period. A complete vmADCP-based velocity transect through the eddy was obtained on 9 February (Figure 4n ). Maximum velocities of 0.25 m/s were found between 100 and 200 m depth. The eddy diameter, here defined as the distance between the two velocity maxima, was about 90 km ( Figure 4n ). Strong acrossshore velocities were found during and after the eddy formation at and offshore of the continental slope (Figures 4g, 4j , and 4m). At the southern eddy periphery, onshore velocities advected offshore water toward the continental slope with velocities near 0.25 m/s (Figures 4r and 4u) . North of the eddy, coastal waters were advected offshore ( Figure 4m ). These eddy-induced crossshore velocities might be crucial, as they potentially provide an important coastal open ocean exchange mechanism.
On the upper continental slope, poleward velocities of about 0.1 m/s were again observed in mid-February and subsequently increased to values of more than 0.2 m/s by early March (Figure 4t ). This is close to the initial state of the PCUC encountered in early January ( Figure 4b ).
In mid-February, the eastern eddy edge was still clearly visible at around 788W ( Figure 4p ). The center had moved to about 12845'S and 78810'W, covering a distance of 40 km in 6 days. This translates into a westward drift of about 0.08 m/s. In early March (i.e., at the end of the study period), velocity measurements close to the eddy core were carried out again ( Figure 4s ).
Sea surface height anomaly data from satellite observations (AVISO) provided no reliable means to track the eddy path during and after the field campaign. In fact, during the formation of the eddy close to the continental slope, the geostrophic surface velocity field strongly disagreed with our in situ velocity measurements. This might be explained first by known problems of altimetry products close to the coast [Vignudelli et al., 2011] and second the fact that the rapid changes of the flow field during the formation process could not be captured by the sparse altimetry measurements. However, a clear isolated sea level anomaly signal was also not detectable offshore by the end of the study period. Such a signal is required to track the eddy path by established tracking algorithms [Okubo, 1970; Weiss, 1991] . The subsurface eddy is probably not seen by altimetry because of its small size and its weak or sometimes absent surface velocities. The uppermost vmADCP measurement deviates by up to 0.25 m/s from the subsurface velocity (e.g., Figure 4n ). Furthermore, the eddy with a radius of 45 km is of relative small size when considering the mapping scale of 250 km used by AVISO in the tropics [Ducet et al., 2000] . Thus, it is an important finding that energetic subsurface eddies exist off Peru, which are not visible in altimetry products. Nevertheless, we expect that the eddy propagated further westward after our study period as we were able to observe its strong potential vorticity (PV, see below) anomaly in the eddy core right until the end of our observations (Figure 5t ). This indicates that the eddy was still intact at the point.
Potential Vorticity and Eddy Generation Mechanism
Subsurface anticyclones similar to the one observed here are often characterized by very low PV and this is thought to play an important role during eddy formation [McWilliams, 1985; D'Asaro, 1988; Molemaker et al., 2015] . Ertel's PV is defined as PV5x a Á rb, where x a 5ðf k1r3uÞ is the absolute vorticity with f being the Coriolis parameter, k the vertical unit vector, and u the velocity vector [Gill, 1982] . The buoyancy is given by b52gq=q 0 , where g is the gravitational acceleration, q the potential density, and q 0 a reference density. PV is conserved in the absence of tracer and/or momentum mixing and is thus an ideal to identify and track water masses.
We approximate PV by the part associated with the stratification (N 2 5@b=@z) and the vertical component of the absolute vorticity (f abs 5f 1f z ), where f z 5@v=@x2@u=@y is the vertical component of the relative vorticity. In cases of weak lateral buoyancy gradients as observed here and below the mixed layer, this is usually a good approximation. Only one component of the vertical relative vorticity (@v=@x) is calculated, as we are only able to compute the spatial derivative of the alongshore velocity from the data. Thus, here we compute PV % N 2 ðf 1@v=@xÞ, where v is the alongshore velocity and x points toward the coast. Given that observed PV structure is largely dominated by distribution of N 2 ( Figure 5 , third and fourth column) the omittance of one term in the relative vorticity has a minor effect. Note that f is negative in the southern hemisphere and therefore negative PV values reflect stable conditions in respect to symmetric instability [Hoskins, 1974; Thomas et al., 2013] . Thus, we multiply the PV with the local Coriolis parameter f to obtain
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positive PV values, which allows an easier comparison with northern hemisphere estimates. For simplicity, we shall refer to fPV as PV in the following.
At the beginning of our observations, positive (negative) relative vorticity ( Figure 5b ) is found onshore (offshore) of the PCUC core and the stratification is weakest near the bottom at the continental slope ( Figure 5c ). The combination of positive relative vorticity and weak stratification results in a band of PV close to zero in the bottom boundary layer at 100-250 m depth (Figure 5d ). The negative vorticity band further offshore acts in the opposite direction and increases PV. When the eddy starts to form end of January, both the band of The two-dimensional relative vertical vorticity (f z 5@v=@x, where v is the alongshore velocity and x points toward the coast). (third column) The stratification (N 2 52ðg=q 0 Þ Á ð@q=@zÞ2 ðg=c s Þ 2 , with g being the gravitational acceleration, q the potential density, q 0 a reference density, and c s the sound speed). (fourth column) The PV times f, with PV5N 2 ðf 1@v=@xÞ. Isopycnals (25.6, 26.2, and 26.45) are contoured in grey. All transects go along the main transects as marked with grey in the left column of Figure 4 . Only the last transect is slightly further north of the main transect to be closer to the eddy core (dashed grey line in Figure 4s ).
Journal of Geophysical Research: Oceans
10.1002/2015JC010878
positive relative vorticity and the low stratification move further offshore (Figures 5f and 5g) . Consequently, the low PV patch increases in size during the ongoing eddy formation. At this point it is no longer restricted to the area close to the topography (Figure 5l ). When the eddy has finally separated from the topography, minimum PV values are found in its core in a depth range between 100 and 300 m (Figure 5p ). These PV values agree well with the observed values close to the bottom on the continental slope prior to the eddy formation. The relative vorticity increases toward the eddy core and maximum values around 1:2310 25 1=s (0.38f) are found between 100 and 150 m depth. Note that we only compute the component of the relative vorticity associated with @v=@x and thus the full relative vorticity in the eddy core should be up to factor of 2 larger (around 0.75f) assuming solid body rotation. This is in good agreement with relative vorticity values found in the high-resolution model simulation of Molemaker et al. [2015] .
About 3-4 weeks after the first transect through the fully developed eddy (Figure 5m ), another transect was obtained toward the end of the observations (Figures 4s and 5q) . It shows that the low PV within the eddy core has moved offshore as a result of the eddy's westward propagation.
Given that the absolute vertical vorticity is dominated by f, pure adiabatic vortex stretching (e.g., due to unforced flow instabilities) will result in increased cyclonic vorticity. It thus cannot explain the low stratification in the core of the observed eddy, because the relative vorticity there is anticyclonic. Thus, the low stratification must have been caused by diapycnal mixing prior to the eddy formation near the surface [McWilliams, 1985] or near boundaries [D 'Asaro, 1988] . The latter case is of importance here, as the eddy core waters originate from the equatorial region and moved within the PCUC along the continental slope before they end up in the eddy. As our observations were made in the summer season when atmospheric cooling events do not occur, it cannot explain the reduction of the PV locally. As subsurface eddies tend to be anticyclones the classical baroclinic and barotropic instability mechanisms alone cannot explain their formation, because such eddies have no preferred symmetry [McWilliams, 1985; Molemaker et al., 2015] . In agreement, off Peru, a skewness toward anticyclonic vorticity is found at depth . A plausible explanation for this might be the geometry of the PCUC flowing poleward along the continental slope, which results in anticyclonic vorticity between the PCUC core and topography. [1988] and Molemaker et al. [2015] point out the importance of sharp topographic variations for the separation of the low PV boundary water from the topography. This will be investigated in the following. Indeed, we observed the first appearance of an eddy-like structure just downstream of an abrupt change in the curvature of the isopleths (Figures 4g and 6 ). Thus, we hypothesize that flow separation is responsible for the eddy formation. This is supported by our observations as will be shown in the following. First, the PCUC core flows along the 400 m isobath (Figure 4b ) which exhibits two sharp bends in the study area (Figure 6 ). The second bend is of relevance here as it can force the PCUC to separate. In this region, the offshore displacement of the PCUC is seen in the velocity measurements prior to the eddy formation (Figures 4d-4i) . Second, the initial disturbances developing into an eddy-like structure (Figure 4d ) are found about 15 km downstream from the topographic bend shown in Figure 6 . Black crosses in Figure 6 show the position of the eddy center directly after its formation. The eddy is clearly formed downstream of the second topographic bend and then propagates westward. [2001] propose that the separation of a barotropic boundary current at a vertical sidewall takes place when r < L5ðU=bÞ 1=2 . Here r represents the radius of curvature of the coastline, which is 7.5 km at the location shown in Figure 6 . U is the boundary current speed, here 0.25 m/s and b is the planetary vorticity gradient in the downstream direction (1:8310 211 1/s). This yields a length scale L of about 120 km. As r ( L, this suggests that flow separation would occur for a case with a vertical sidewall. However, given that the PCUC flows along the topographic slope we propose to use b eff 5fs=H, instead of the usual b, where f is the Coriolis parameter, s5ðð@H=@xÞ 2 1ð@H=@yÞ 2 Þ 1=2 is the bottom slope, and H the depth scale of the boundary current, in order to account for the topographic beta effect. Following the early work of Pedlosky [1979] on the inertial boundary layer problem, Kinsella et al. [1987] used the same formula to investigate the interaction of the Labrador current with the topography of a canyon. With H set to 400 m, the topographic beta is around 2:5310 29 1/s near this bend and decreases further downstream. This implies that b eff is about 2 orders of magnitudes larger than b and thus probably more important for the dynamics of the PCUC. Using b eff near the bend instead of b yields L 5 10 km, which is still larger than the radius of the bend and suggests flow separation. However, given that the separation criteria of Marshall 
D'Asaro
Marshall and Tansley
Impact of the Horizontal Circulation on the Distributions of Salinity and Oxygen
Pronounced variability in salinity and oxygen is observed in the upper ocean along the continental margin off Peru during January and February 2013. The extensive hydrographic data set allows a detailed description of the evolution of salinity and oxygen characteristics prior, during and after the eddy formation. Three processes are of major importance for the distributions of salinity and oxygen in the study area during the observational period: advection along isopycnals in a vertically sheared flow, mesoscale stirring, and eddy-driven ventilation. Each process will be discussed in a separate subsection. A summary schematic is given in Figure 7 to guide the reader through the complex data and should be seen as a hypothesis at this point, which is supported by our observations in the later sections. The schematic is based on both the observed distributions of salinity and oxygen on selected isopycnals (Figure 8 ) and the three-dimensional fields (Figure 9 ). The analysis focuses mainly on two water bodies characterized by distinct salinity and oxygen concentrations (Figures 8 and 9 ). As our first measurements were made in early January, we cannot say much about the history of these water mass patches prior to this period, besides their broad formation area (see section 3.1). In section 3.4.1, we describe the formation of isolated oxygen patches in the OMZ. We suggest that they are formed prior to the eddy formation by advection along isopycnals in the upper part of the PCUC that exhibits a pronounced vertical shear of the horizontal flow (Figures 7a-7d) . During the eddy formation, the two water bodies are thought to be found south of the study area (Figures 7e and 7f) . After the eddy formation, the near-coastal flow reverses toward northward flow and the water bodies are advected into the study area again (Figures 7g and 7h) . In section 3.4.2, we investigate the role of mesoscale stirring for the generation of small-scale salinity and oxygen structures by describing the formation of such salinity structures at the eddy edge in detail (Figures 7g and 7h) . Finally, in section 3.4.3, we investigate the role of the eddy for the ventilation of the near-coastal OMZ, which is indicated by a deepening of the oxycline in Figure 7h .
Formation of Isolated Oxygen Patches by Advection Along Isopycnals in a Vertically Sheared Flow Prior to the Eddy Formation
When tracers are advected along isopycnals in a vertically sheared flow, they will separate horizontally due to the different speeds at different depths. Given that along-isopycnal salinity and oxygen gradients are observed in regions of vertically sheared flow, it can be expected that this separation process might contribute to the observed distributions of salinity and oxygen.
The temporal evolution of the alongshore geostrophic velocity and the vertical distributions of salinity and oxygen along the main transect near 12830'S (glider C) between 10 January and 27 February is shown in 
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Figure 10. During the first three transects prior to the eddy formation, a well-defined PCUC is observed and low-salinity water is present below 50 m and 70-100 km offshore (Figures 10b, 10e, and 10h ). In the thermocline above this low-salinity water, a well-oxygenated water mass with much higher salinities is observed (Figures 10e, 10f, 11a , and 11c). Until around 22 January, the horizontal circulation is dominated by the along-shelf flow and both water bodies are transported poleward by the PCUC with a speed of 0.15-0.25 m/s (Figure 4) . The low-salinity water is advected southward at higher speeds than the high-salinity Figure 7 . Schematic showing the formation history of the subsurface anticyclonic eddy (left column) as horizontal maps and (right column) as three-dimensional views. We highlight the impact of the circulation on the salinity and oxygen distributions, including (a-d) the formation of isolated oxygen patches by advection along isopycnals in a vertically sheared flow and (g, h) the formation of low-salinity structures at the eddy periphery and the ventilation of the near-coastal oxygen minimum zone both by lateral stirring. The horizontal circulation is represented with black arrows. Two grey lines in the left column represent topography contours. The high and low-salinity water bodies are shown in red and light blue, respectively. The oxycline is represented by the white line and the density stratification is shown by different shades of blue (from dark blue/dense to light blue/light).
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Figure 8. Absolute salinity (g/kg) in the r 0 range of (first column) 25.61-25.63 kg/m 3 and (third column) 26.19-26.2 kg/m 3 and corresponding oxygen concentrations (lmol/kg), respectively, (second and fourth column) at four different time spans (prior to the eddy formation (first and second rows), just after the eddy formation (third row), and about a week after the eddy formation (fourth row)). All glider and CTD salinity and oxygen data have been gridded prior plotting using a simple Gaussian mapping algorithm with a small influence radius of 1 km (1.5 km cutoff radius).
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Figure 9. Snapshots of three-dimensional (left) absolute salinity (g/kg) and (right) oxygen concentrations (lmol/kg) fields around 12845'S and 77824'W between 10 and 90 m at four chosen time spans ((a-d) prior to the eddy formation, (e, f) just after the eddy formation, and (g, h) about a week after the eddy formation). The main transect ( Figure 10 , glider C) is marked by gray boxes. The dashed black boxes mark the transects shown in Figure 11 , and the three-dimensional salinity field at the eddy edge ( Figure 12 ). The points A and B (vertical gray lines) are discussed in section 3.4.1. 
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water, as it is closer to the PCUC core. This can be seen in the along-coast transect of glider G, which sampled the same water bodies during their poleward advection along the coast (Figures 8a-8h , 9c, 9d, 11b, and 11d).
In contrast to the salinity distribution, the oxygen distribution is more straightforward to interpret. High oxygen levels of up to 250 lmol/kg are restricted to the uppermost layers, while oxygen concentrations below 80 m rarely exceed 1 lmol/kg. However, at depth shallower than 80 m (or at densities smaller than 26.0 kg/m 3 ), along-isopycnal gradients of oxygen are present in this region (Figure 3) . In the following, we focus on the well-oxygenated water body found near the surface between 80 and 100 km offshore on the main transect between 14 and 18 January (Figures 10f, 10i, and 11c ). This water body is of particular interest since it shows strong along-isopycnal oxygen gradients, which are required for eddy-driven along-isopycnal oxygen fluxes (Figures 11c and 11d) . Note that the vertical oxygen gradient is not perfectly collocated with the vertical salinity gradient. Hence, the upper part of low-salinity water still shows comparably high oxygen concentrations, which fall below 2 lmol/kg at densities larger than r h % 26 kg=m 3 . During the southward advection of these waters, isolated oxygen patches are formed in the depth range between 40 and 60 m south of the main transect (Figures 9d and 11d ).
It follows that advection along isopycnals in a vertically sheared flow might explain the separation of the high and low-salinity waters and the formation of the isolated oxygen patches described above. This hypothesis is tested using a simple calculation of linear tracer advection along the slope relying on the observed value for the flow speed and the distributions of salinity and oxygen at two depth levels, namely 30-70 m. This simple setup is inspired by the typical PCUC flow structure showing mainly southward currents in the domain up until 22 January. Based on our measurements, we assume that salinity and oxygen are advected southward along the coast with speeds of 0.15 and 0.25 m/s at a depths of 30 and 70 m, respectively (Figure 10 ). This translates into a horizontal displacement of 30 km at 30 m depth and 50 km at 70 m depth between point A (Figures 8a-8h and 9a-9d, 12842'S and 77839'W, 16 January 06:00) and point B (Figures 8a-8h and 9a-9d, 12848'S and 77828'W, 18 January 12:00) over a period of 54 h. This duration corresponds to the time difference between the measurements taken at the two points shown in Figure 9 . The distance between the points is $23 km. Consequently, the saline water mass still is present at point B at around 30 m depth on 18 January 12:00 (Figures 8e and 9c) , while larger velocity at 70 m has allowed the (Figures 8g and 9c) . Our calculation thus supports the assumption of advection along isopycnals in a vertically sheared flow as an explanation for the observed separation of the high and low-salinity water and formation of isolated oxygen patches.
Formation of Small-Scale Salinity and Oxygen Structures by Mesoscale Stirring After the Eddy Formation
Mesoscale stirring of along-isopycnal tracers gradients (e.g., of salinity and oxygen) has to be shown to result in the formation of small-scale tracer structures [Smith and Ferrari, 2009] . Our observations show small-scale salinity and oxygen structures in the upper $150 and $80 m of the water column, respectively ( Figure 10 , middle and right column). As along-isopycnal salinity and oxygen gradients exist in these depth ranges (Figures 3b and 3c) , we propose mesoscale stirring of along-isopycnal salinity and oxygen gradients as the primarily process generating the structures. In the following, we describe the formation of small-scale salinity structures at the eddy periphery as an example of mesoscale stirring (Figures 10w, 10z, and 12) .
No distinct salinity and oxygen patches are found along the main transect covered by glider C cutting through the newly formed eddy (Figures 10t and 10u) . Rather, the eddy core exhibits homogeneous temperature (12-148C), salinity (35-35.15 g/kg), and oxygen (<1 lmol/kg) fields. This is confirmed by the threedimensional salinity and oxygen fields shown in Figures 9e and 9f . During the subsequent offshore propagation of the eddy, small-scale salinity features appear at its onshore edge between 50 and 150 m depth at a distance of 60 km from the coast (Figure 10w) . In a two-dimensional (distance to coast versus depth) view, the tilted orientation of the tracer structures at their early stage might suggest that vertical advection could be responsible for their formation (Figures 10w and 10z) . However, our three-dimensional observations (Figures 9g and 12) imply that vertical advection is unlikely as a mechanism for the occurrence of the salinity structures. First of all, the structures cross isopycnals (Figure 10w ). This should not be the case as advection moves water parcels predominantly along isopycnals. Second, the water properties (potential density, salinity, and temperature) in the structures do neither match those at the surface nor those at Figure 12 . Snapshots of the near-surface (20-80 m) absolute salinity (g/kg) at the inshore eddy edge during four different time periods (of 2.5 days length) between 30 January 18:00 and 9 February 18:00. The depth-averaged velocity is shown by the black arrows. The location of this box is shown in Figure 9g .
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greater depths. Third isopycnals outcropping at the surface did not show density values as high as those in the structures throughout the entire measurement period.
Instead our observations suggest that lateral stirring by the rotational currents around the eddy periphery is a plausible mechanism for the formation of these structures. Figure 12 shows the formation of the salinity structures at the eddy edge (see black dashed box in Figure 9g ) in more detail. At the early stage of the newly formed eddy, no salinity structures are found at the eddy edge (Figure 12a ). However, 60 h later, a low-salinity structure shows up at the two southern transects (Figure 12b ). Several days later, this feature is found along all transects (Figures 12c and 12d) . The three-dimensional observational approach thus clearly indicates that the small-scale salinity structures at the eddy edge are formed by lateral advective flow around the eddy periphery. The potential density range and the temperature and salinity characteristics of the waters fit well to those of the low-salinity water seen in the first three transects of glider C described above (Figures 10b, 10e, and 10h ). This further supports that lateral processes are at work.
The fact that low oxygen values and thus also no pronounced oxygen gradients are detectable below 80 m can explain why no small-scale oxygen structures are found below 80 m. However, at shallower depths, along-isopycnal oxygen gradients are indeed present (Figure 3c ). Consequently, eddy-driven oxygen ventilation of the shallow near-coastal OMZ can be expected.
Eddy-Driven Ventilation of the Near-Coastal Oxygen Minimum Zone
In order to visualize the effects of the mesoscale stirring on the distributions of salinity and oxygen in more detail, we now analyze the temporal evolution of salinity and oxygen on two different isopycnals along the main transect (glider C) near 12830'S (Figures 13b-13e ). Both density surfaces are also shown in Figure 11 as white contours. The lighter density interface (25.6 kg/m 3 ) resides in relatively saline and oxygen-enriched water, while the denser density interface (26.2 kg/m 3 ) represents the oxygen depleted and relatively freshwaters within the OMZ. A close relationship between salinity and oxygen can be seen on the 25.6 kg/m 3 isopycnal, where high salinities go along with elevated oxygen concentrations. However, very close to the coast high oxygen concentrations are found which do not coincide with high salinities. This is due to the outcropping of the isopycnal into the well-oxygenated mixed layer close to the coast.
The temporal change of the depth-averaged (0-200 m) horizontal velocity along the glider track, which goes along with the eddy formation, can be seen in Figure 13a . By mid-February the velocities reveal an onshore component, which results in the onshore advection of high-salinity, well-oxygenated waters on the 25.6 kg/m 3 isopycnal. On this density surface, relatively low oxygen concentrations between 10 and 20 lmol/kg were observed in the center of the transect during January, while it showed values well-oxygenated (>100 lmol/kg) after the eddy had formed (Figures 13b and 13c ). This can also be seen in the transects of the other gliders, which all show elevated oxygen values after the eddy had moved offshore (Figure 8n ). 
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At greater depths, on the 26.2 kg/m 3 isopycnal, changes in salinity are also observed during the measurement period. After the eddy is formed, a fresher water mass shows up (see discussion in section 3.4.2). However, more importantly no significant correlation between oxygen and salinity on the 26.2 kg/m 3 isopycnal can be established, as the oxygen concentrations (<1 lmol/kg) are below the detection limit. Consequently, no pronounced oxygen structures are advected on this density surface.
In summary, the eddy clearly supplied oxygen-enriched waters to the near-coastal OMZ on the 25.6 kg/m 3 isopycnal, which points to the importance of mesoscale stirring for the ventilation of the near-coastal OMZ off Peru.
Impact of the Horizontal Circulation on the Distributions of Nitrate, Nitrite, and Nitrogen Deficit
The changing circulation during the eddy formation also impacts the nitrate (NO 2 3 ), nitrite (NO 2 3 ), and nitrogen deficit (N*) distributions (Figure 14) . N* is often used as an indicator for nitrogen sink/source processes in the water column [Gruber and Sarmiento, 1997] . However, it is important to note that enhanced N* values are not an indicator of active nitrogen loss processes but represent the accumulated nitrogen loss of the past. Here we define N* 5 (NO (Figures 14d and 14g) . In contrast, NO 2 3 (NO 2 2 ) concentrations below 18 lmol/L (above 7 lmol/L) are observed at the continental slope, especially near the bottom, coinciding with N* values below 217 lmol/L (Figure 14j ). Given that all three parameters show along-isopycnal gradients, eddy-driven crossshore fluxes can be expected. Note that the NO (Figures 14e and 14h) . Note that the low PV distribution (indicated by the grey contour in Figure 14 ) supports our interpretation that these waters originate from bottom boundary layer along the continental slope (see section 3.3).
After the eddy has formed, a transect through the eddy was obtained (Figure 14 , right column). We observe NO In summary, similar to the low PV originating from the bottom boundary at the continental slope, the eddy also advects nitrogen deficient waters from the region into the open ocean.
Discussion
To date, only indirect observational evidence for the importance of the PCUC for the generation of subsurface anticyclonic eddies off Peru has been obtained, based both on water mass analyses [Johnson and McTaggart, 2010] and the fact that most anticyclones are first detected close to the shelf [Chaigneau et al., 2011] . The aim of this study is to provide direct observational evidence that subsurface anticyclones off Peru are indeed formed by instability of the PCUC. The study is based on a multiplatform four-dimensional observational approach. The extensive data set described here allows a detailed description of the eddy formation process and its impact on the near-coastal salinity, oxygen, and nutrient distributions.
The observations suggest that flow separation due to a sharp bend of the continental slope plays an important role for the eddy generation. This implies that the strength of the PCUC is an important parameter, which determines whether a subsurface anticyclone may be generated at this location by flow separation or not. Indeed we observed a relatively strong PCUC ($0.25 m/s observed core speed, long-term mean $0.15 m/s ) prior to the eddy formation. Remotely forced coastal trapped waves strongly influence the PCUC Pietri et al., 2014] and thus might play an important role in modulating the strength of the subsurface anticyclonic eddy formation process.
A numerical modeling study by Colas et al. [2012] indicates that subsurface anticyclonic eddies contribute to the eddy variability off Peru. The authors found anticyclonic vorticity to dominate off Peru with a maximum between 100 and 150 m depth. They relate this finding to subsurface anticyclonic coherent vortices formed by instability of the PCUC. This supports the view that these coherent eddies are important in this region. Clearly, our study is limited to a single eddy formation event. The representativeness of this event for the generation of subsurface anticyclonic eddies in the Peruvian upwelling system thus remains an open question. However, in a recent study, Hormazabal et al. [2013] investigate the properties and origin of subsurface anticyclonic eddies off central Chile using hydrographic observations, satellite altimetry, and a regional eddy-resolving ocean model. In their study, observations of two subsurface anticyclonic eddies are presented. Both eddies were first detected close to a sharp coastline variation near 378S, thus we suggest that flow separation might be responsible for their formation. In general, high mesoscale variability is found off Peru [Penven et al., 2005] . We expect that beside flow separation also other instability and forcing mechanisms contribute to the overall eddy field as pointed out by Liang et al. [2012] for the northeastern tropical Pacific.
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The result that flow separation might be responsible for the formation of subsurface coherent anticyclones in boundary currents is in line with a study by D'Asaro [1988] and a recent very high-resolution modeling experiment of the California Undercurrent by Molemaker et al. [2015] . Both studies investigate the generation mechanism of submesoscale coherent vortices and the boundary currents separate behind sharp topographic bends. Molemaker et al. [2015] point out the complexity of the full eddy generation mechanism, which involves not only boundary current separation but also submesoscale instabilities and upscale flow self-organization. Several aspects of their results agree with the observations presented here: We find unorganized small-scale velocity structures prior to the eddy formation; a much more organized coherent structure at a later stage; and a growth of the first coherent eddy structure to a much larger eddy within a few days (Figures 4j and 4m ). An interesting finding by Molemaker et al. [2015] is the importance of the frictional boundary layer for the generation of anticyclonic vorticity and low PV found in the eddy core. This was already suggested by D'Asaro [1988] . It implies that a large amount of the core water might originate from the bottom boundary layer at the continental slope. In agreement, we observe very low PV in water residing on the topography of the continental slope prior to the eddy formation. Evidence is presented showing that this water ends up in the eddy core during its formation. Thus, our observations support the findings of D'Asaro [1988] and Molemaker et al. [2015] regarding the bottom boundary layer being an important source region of the eddy core water.
The nutrient measurements taken during the formation of the anticyclonic subsurface eddy should give new insights into the role of these eddies for the nitrogen cycling and loss off Peru. In general, the water masses on the continental margin off Peru and Chile are increasingly depleted in biologically available nitrogen during their poleward transport within the PCUC due to nitrogen-cycling processes [Zamora et al., 2012; Kalvelage et al., 2013; Loescher et al., 2014] , and near-coastal nutrients measurements off Peru often show reduced NO 2 3 and N* concentrations in the bottom boundary layer [Codispoti and Christensen, 1985; Hamersley et al., 2007; Lam et al., 2009; Franz et al., 2012; Loescher et al., 2014] . This is also the case for the nutrient values present in this study (Figure 14) , where enhanced nitrogen deficits are observed close to the topography of the continental slope.
In a relatively young eddy close to the shelf near 168S, Stramma et al. [2013] observe a nitrogen deficit anomalies of 35 lmol/L at 50 m and 20 lmol/L in 150 m depth, as well as NO 2 3 and NO 2 2 core concentrations of <5 and $10 lmol/L, respectively. They suggest that the high N* and low NO 2 3 is due to enhanced nitrogen loss activity in the eddy. Our observations could be interpreted such that a substantial part of the nitrogen deficits documented further offshore both close to a mesoscale eddy [Altabet et al., 2012] and inside anticyclonic subsurface eddies might result from nitrogen loss processes on the upper continental slope and shelf region [Kalvelage et al., 2013] , and are subsequently transported toward the open ocean by the eddy.
While measured nitrogen loss rates reported in shelf waters are high (0.05-0.5 lmol/L/d) [Hamersley et al., 2007; Kalvelage et al., 2013] and in combination with benthic nitrogen loss [Bohlen et al., 2011] can significantly change N* within days to weeks, the nitrogen loss reported from open ocean is usually well below 0.01 lmol/L/d [Ward et al., 2009; Canfield et al., 2010; Kalvelage et al., 2013] .
In order to distinguish between anomalies that originate at the coast or are induced in the eddy itself, observations of the initial core water mass properties are crucial, but have been missing so far in previous studies. Thus, in future studies, one should strive to observe the full eddy life cycle including the formation and offshore propagation. In particular, the source waters of the eddy core, which are known to change within the PCUC along the coastline [Zamora et al., 2012] , should be captured. In a recent study by Bourbonnais et al. [2015] , the authors sampled one eddy during two occasions 1 month apart from each other. They find a reduction of NO 3 2 of about 4 lmol/L in the density range between 26.2 and 26.3 kg/m 3 between the two surveys. However, it remains unexplained how much of the already enhanced nitrogen deficit of 35 lmol/L during the first survey results from coastal and/or eddy-induced nitrogen loss processes.
In this study, we describe in detail that eddy-driven along-isopycnal stirring due to both rotational currents around the eddy periphery and water mass trapping inside the eddy results in an exchange of water masses between the continental slope and the open ocean. The export of nitrogen deficient water from the continental margin to the open ocean provides a mechanism which might help to explain the observed discrepancies between nitrogen loss activity and accumulated nitrogen deficit [Kalvelage et al., 2013] . Thus,
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mesoscale eddies might be crucial in resupplying NO 2 3 to the productive continental margin at depth where nitrogen loss processes and organic matter export are thought to be highest [Kalvelage et al., 2013] .
Our observations show that the horizontal circulation has a large effect on the near-coastal salinity and oxygen distributions and results in the formation of various small-scale salinity and oxygen structures. Pietri et al. [2013] discuss the formation of small-scale salinity structures in the Peruvian upwelling regime at around 148S similar to the ones we describe in this study. Our observations confirm their interpretation that lateral stirring of along-isopycnal salinity gradients by mesoscale eddies is mainly responsible for the formation of the fine-scale structures. Their additional hypothesis that vertical advective motion driven by submesoscale frontal subduction processes might be responsible for the formation of the salinity structures cannot be confirmed by our study. This hypothesis, however, is discussed in recent literature [Mechoso et al., 2014; Messi e and Chavez, 2014] . Here we want to note that the interpretation of two-dimensional small-scale tracer structures by a single glider has to be done with utmost caution, as horizontal processes such as mesoscale stirring can form a wide range of tracer structures. However, our three-dimensional approach might help to interpret small-scale salinity and oxygen structures found in future high-resolution two-dimensional observations.
Quantitative eddy-driven oxygen fluxes cannot be estimated from our observations due to the short time period, which only covers one single eddy event. However, the signature of the eddy-driven oxygen ventilation of the near-coastal OMZ is clearly visible in our data set. Stramma et al. [2010] and Brandt et al. [2015] came up with rough oxygen budget estimates based on climatological oxygen distributions and an assumed value for the eddy diffusivity. They suggest that 45% of total oxygen supply in the eastern tropical South Pacific OMZ is provided by eddy-driven lateral mixing.
Summary and Conclusions
The formation of a subsurface anticyclonic eddy in the Peru-Chile Undercurrent in January and February 2013 is investigated based on four-dimensional multiple platform observations. The main results are listed below:
1. A strong Peru-Chile Undercurrent with maximum poleward velocities of about 0.25 m/s was observed in early January 2013 off Peru. Isolated oxygen patches are found within the oxygen minimum zones. The differential advection along isopycnals in the vertically sheared upper part of the Peru-Chile Undercurrent is suggested to be their formation mechanism. 2. After 20 January, a subsurface anticyclonic eddy was shed by the Peru-Chile Undercurrent. The eddy core was characterized by potential vorticity close to zero, which seems to have originated from the bottom boundary layer on the continental slope. The eddy formed just downstream of a sharp topographic bend of the 400 m isobath. This suggests flow separation as likely eddy formation mechanism. 3. The eddy-induced circulation strongly modifies the near-coastal salinity and oxygen distributions. Horizontal rotational currents around the eddy periphery (mesoscale stirring) result in the formation of smallscale salinity structures at the eddy edge. Across-shelf velocities advect the saline and well-oxygenated Subtropical Surface Water within the thermocline toward the coast. This points to the importance of mesoscale eddies for the ventilation of the upper near-coastal oxygen minimum zone off Peru. 4. The eddy core shows temperature and salinity values characteristic of Equatorial Subsurface Water and oxygen concentrations <1 lmol/kg. Additionally, an elevated nitrogen deficit of about 17 lmol/L and enhanced NO 2 2 concentrations near 7 lmol/L are found within the eddy just after its formation. They are thought to result from near-shelf nitrogen loss processes prior the eddy formation.
Our study highlights the impact of the subsurface anticyclonic eddy shed by the Peru-Chile Undercurrent on the tracer distributions in the Peruvian oxygen minimum zone both on a local scale and on larger scales. On one hand, the eddy stirs local tracer (salinity, oxygen, and nutrient) gradients. On the other hand, it traps water mass properties (e.g., vanishing oxygen, enhanced NO 2 2 concentrations, and nitrogen deficits) from the upper continental slope and transports them offshore into the open ocean oxygen minimum zone during its westward propagation. As anticyclonic subsurface eddies may exist for several months and travel large distances [Stramma et al., 2014] , they can carry water mass properties to very remote places. A large number of studies highlight the general importance of eddies for modulating both biogeochemical productivity and biogeochemical cycles [Jenkins, 1988; Falkowski et al., 1991; Oschlies and Garcon, 1998;  Journal of Geophysical Research: Oceans 10.1002/2015JC010878 McGillicuddy et al., 1998 McGillicuddy et al., , 2007 Lathuilière et al., 2010; Gruber et al., 2011; Gaube et al., 2014] . However, most global biogeochemical model studies investigating oxygen minimum zones use models which do not resolve mesoscale eddies. Thus, their effects have to be parameterized. This might cause uncertainties in forecasting long-term oxygen trends [Stramma et al., , 2010 or in the response of oxygen minimum zones to a changing climate . More recent high-resolution model studies exist which have sufficiently high resolution to allow eddies to evolve [Dietze and Loeptien, 2013; Montes et al., 2014; Duteil et al., 2014] . However, these studies focus mostly on the improvements in representing the equatorial current band as a result of enhanced resolution as these currents seem to have a large impact in reducing the bias between simulated and observed nutrient and oxygen distributions. We suggest using these highresolution simulations to focus on the large-scale effect of mesoscale eddies on oxygen minimum zone dynamics. This is difficult to assess quantitatively even with high-resolution observations. Our highresolution four-dimensional observational study can help to validate and improve these simulations, since we provide observations of the variability seen in physical and biogeochemical parameters. This study highlights the need for high spatiotemporal resolution observations in eastern boundary upwelling regimes in order to understand the mechanisms driving the observed fast changes in physical and biogeochemical parameters.
